We report on the fabrication of three different phosphate glasses using a custom designed glass composition (P 2 O 5 -Li 2 O -Al 2 O 3 -B 2 O 3 -BaO -PbO -MgO) with the aim to fabricate a Nd 3+ -doped double cladding optical fibre laser emitting at 1.06 µm. By changing properly the concentration and types of compounds present in our phosphate glass, the refractive indexes of the three glasses were adjusted in order to obtain an adequate numerical aperture between core and inner cladding, and between inner and outer cladding, while maintaining similar thermo-mechanical properties in view of the fibre drawing process. Physical and thermal properties of the glasses are presented and discussed. Spectroscopic properties of the core glass are described. In order to optimize Nd 3+ -doped fibre laser design, a numerical analysis of the lasers was performed and resulting design curves are presented.
INTRODUCTION
High power fibre lasers emitting at 1.06 µm are required for a wide range of applications such as material processing, health care delivery, optical telemetry and LIDAR system.
In last decade, a significant improvement in scaling fibre lasers to higher power levels has been demonstrated through the use of cladding pumping scheme. This technique allows to exploit the increasingly available high power from low brightness multimode laser diodes by using an optical fibre with a double-cladding (DC) geometry [1] . The pump radiation is launched into an inner cladding designed to have a high numerical aperture (NA) and large size in order to match the large diode diffraction angle and emitting area. The inner-cladding is surrounded by an outer cladding, with lower refractive index, to guide the launched pump light. The pump light spatially overlaps the rare-earth (RE) doped single mode core of the fibre and it is absorbed by the dopant over the entire fibre length. The DC fibre laser provides an efficient and simple mean to convert low brightness multimode pump light from high-power diode laser into high brightness, single mode laser radiation with excellent beam quality.
Most of the research activity on high power DC fibre lasers have been performed on doped silica glasses, although RE ions have a very low solubility in these glasses and are prone to clustering. Phosphate glasses have demonstrated in last years to be an alternative host material to silica glass for high power applications. In fact, they enable extremely high doping level of RE ions (up to 10 21 ions/cm 3 ) and thus more compact active devices [2] . In fact the length of the phosphate fibre laser can be substantially decreased even below ten centimetres in order to have an output power in the order of watt level, in a single frequency operation. Moreover, phosphate glasses offer a higher photo-darkening threshold than silica and low nonlinear refractive index, that make them suitable for the realization of high power, high brilliance single-frequency laser sources [3, 4] . Another important feature of phosphate glasses is their thermal and mechanical strength, that allows the realization of optical fibres that can be cleaved and fusion spliced with commercial optical fibre components based on silicate glasses [5] .
The Nd 3+ ion is one of the most important RE activators for crystalline and bulk glass lasers because of the power and efficiency available from the transition around 1064 nm. A Nd 3+ -doped laser operated at this wavelength behaves like a four-level laser system, so a positive internal gain is possible even for very small pump power and, therefore, a very low threshold can be achieved. Neodymium has been extensively used for the developing of glass-based lasers since the very beginning: the first glass laser [6] , the first single-mode fibre laser [7] , and the first cladding-pumped fibre laser [1] were all Nd 3+ -doped. Recently a watt-level output power from a short length Nd 3+ -doped phosphate fibre laser was reported [8] . In this work a preliminary study towards the development of Nd 3+ -doped fibre lasers made of phosphate glass material, emitting at 1.06 µm, is reported. Three different phosphate glasses were synthesized and characterized with the aim to fabricate a Nd 3+ -doped DC optical fibre. In order to optimize Nd 3+ -doped fibre laser design, a numerical analysis of the lasers is also presented and resulting design curves are presented.
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To test the feasibility of optical fibre fabrication process and materials, a Yb 3+ -Er 3+ co-doped DC optical fibre based on the same glass host composition, in parallel to the core glass spectroscopic investigation, was drawn and preliminary characterized.
EXPERIMENTAL

Glass composition and synthesis
Glass samples used in this research were prepared by conventional melt-quenching technique using chemicals of 99+% purity. Three different glasses (core, inner cladding and outer cladding) were manufactured in order to obtain the desired refractive index contrast and then the desired NA between core and inner cladding, and between inner cladding and outer cladding. The chemicals (P 2 O 5 -Li 2 O -Al 2 O 3 -B 2 O 3 -BaO -PbO -MgO) were weighted and mixed inside a glove box under dried air atmosphere. The core composition was doped with 2.3 wt. % of Nd 2 O 3 , corresponding to 2.4·10 20 Nd 3+ ions/cm 3 . The batched chemicals were then transferred into an alumina crucible for melting in a furnace at 1400° C. A mix of O 2 /N 2 gases was purged into the furnace during melting in order to minimize the hydroxyl ions (OH -) content. The melt was then cast into a brass mould preheated at Tg-10° and annealed at the same temperature for 10h.
The obtained glasses were cut and optically polished to 2 mm thick samples for optical and spectroscopic characterization.
Glass characterization
Thermal analysis was performed on fabricated glasses using a Netzsch DTA 404 PC Eos differential thermal analyser up to 1400 ºC under Ar flow with a heat rate of 10º C/min in sealed Pt pans using typically 30 mg samples. Thermal analysis was carried out in order to measure the characteristic temperatures T g (glass transition temperature) and T x (onset crystallization temperature). Their measurement allowed to assess the corresponding glass stability parameter ∆T = T x -T g that is an estimation of the fibre drawing ability of the glasses. In fact larger ∆T, for a glass host, means larger working range during sample fibre drawing. An error of ±3ºC was observed in measuring the characteristic temperatures.
The refractive index of the glasses was measured at 5 different wavelengths by prism coupling technique (Metricon, model 2010). Five scans were used for each measurement. Estimated error on the measurement was 0.001.
The absorption spectra of the Nd 3+ -doped sample was measured for wavelengths ranging from 350 to 3000 nm using a double beam scanning spectrophotometer (Varian Cary 500).
CW photoluminescence was acquired using a Jobin Yvon iHR320 spectrometer equipped with a Thorlabs PDA10CS and standard lock-in technique. Emission spectrum was obtained by exciting the sample with a monochromatic light at the wavelengths of 785 nm, emitted by a single mode fibre pigtailed laser diode (Axcel B1-785-1400-15A). The fluorescence lifetime of Nd 3+ : 4 F 3/2 level was obtained by exciting the samples with light pulses of 785 nm single mode fibre pigtailed laser diode, recording the signal by a digital oscilloscope (Tektronix TDS350) and fitting the decay traces by single exponential.
All measurements were performed at room temperature.
RESULTS AND DISCUSSION
Physical and thermal properties
Thermal properties, linear thermal expansion coefficient and refractive index of fabricated glasses are reported in Table 1 .
The measured characteristic temperatures, T g and T x , indicate good thermal properties of the glasses. The resulting stability parameter (ΔT = T x -T g ) is higher than 185 ºC and thus demonstrates that these glasses are stable against crystallization and suitable for fibre drawing. This result is mainly related to the presence of network modifiers (B 2 O 3 , Al 2 O 3 ), that, in phosphate glass, helps enhancing the stability against devetrification.
Concerning the linear thermal expansion coefficient, although this value remains an order of magnitude higher than silica glass, it is nonetheless suitable for practical applications, in particular in the form of thin glass fibres. From the measured refractive indexes, it is possible to calculate the numerical aperture (NA) of the core and of the inner cladding of the fibre to be manufactured by using the equation (1):
where n a and n b are respectively the refractive index of the core and inner cladding, for the NA of the core, and the refractive index of inner cladding and outer cladding for the NA of the first cladding, both at the wavelength of 1061 nm. The results obtained are 0.18 for NA of the core and 0.37 for NA of the inner cladding.
Absorption spectroscopy
UV-VIS-NIR spectroscopy was carried out on core sample glass and absorption spectra was recorded. Absorption cross-section σ a was calculated from experimental data using the following formula:
where log(I 0 /I) is the absorbance, L the glass sample thickness in cm and N is the concentration of the Nd 3+ ions per cm 3 . Figure 1 shows the absorption cross-section values obtained for core glass sample. The inhomogeneously broadened bands are assigned to the transitions from the ground state Figure 2 illustrates the fluorescence spectra of the core glass in the wavelength range 1000 ÷ 1500 nm under 785 nm excitation. The emission spectrum consists of two large and non-symmetric bands: a main peak centred around 1055 nm corresponding to the transition An important experimental parameter required to characterize the emission properties of RE ions in a host medium, and therefore its suitability for active optical devices, is the fluorescence lifetime. Moreover, the fluorescence lifetime is one of the requested parameter for laser design.
Emission spectroscopy
For a Nd
3+
-doped laser operated at 1.06 μm, the important parameter is the 4 F 3/2 lifetime: the longer the lifetime, the higher the population inversion between this level and the 4 I 11/2 one. The decay curves of the Nd 3+ :
4 F 3/2 was measured under 785 nm excitation for core glass, the value obtained is 305 ± 15 µs. This result is in line with previous measurements performed on the same glass system in order to evaluate the effect of concentration quenching on luminescence performance at high concentration level [9] .
FIBRE DESIGN
In order to optimize Nd 3+ -doped fibre laser design, a numerical analysis of the laser was performed using a fibre laser simulator developed in-house. The developed model takes into account the most important phenomena governing the laser emission from solid-state laser where the active medium is formed by a RE doped host and it is based on the simultaneous solution of the rate equations governing the absorption and emission of photons by the RE ions and the signal and pump propagation equations. The correctness of implementation of the developed model was assessed through comparisons with previously reported fibre laser.
Using the software, design maps of the laser can be generated. They allow to summarize in one plot the existing relationship of the most pertinent design parameters. Figure 3 reports a map generated by setting the fibre geometrical parameters such as core and clad dimensions and numerical apertures, along with the amount of pump power available. This map shows the laser output power as a function of the active medium length and neodymium concentration. Not unique solution exists but instead several output power-length-concentration triplets. From Fig. 3 it can be observed that with the concentration level used for manufacturing the core glass (2.4·10 20 Nd 3+ /cm 3 ), an output power around 0.8 W could be obtained using 20 cm of active fibre, thus obtaining a 40% slope efficiency with respect to the launched pump power. Further increase of fibre length will not result in higher output power. 
PROOF OF CONCEPT OF FIBRE FABRICATION PROCESS
To test the feasibility of the optical fibre fabrication process and materials, in parallel to the Nd-doped glass spectroscopic characterization, a double cladding optical fibre (having a Yb/Er core previously fabricated in our group) based on the developed glass host composition, was drawn and characterized. The preform for the fibre fabrication was manufactured by rod-in-tube technique. A rotational casting equipment was developed in-house in order to obtain the cladding tubes. This process allows to obtain fibres with very good interfaces between core-inner cladding and inner-outer claddings [10] . The preform and fibre fabrication parameters were set to generate a double cladding fibre with the following diameters: 7 μm, 25 μm and 70 μm for the core, inner and outer cladding, respectively. The preform was drawn into fibre using a drawing tower developed in-house. The fibre diameter was monitored during the drawing process. In order to evaluate the fibre fabrication process, the quality and morphology of the optical fibre was inspected using a Nikon ECLIPSE E 50i microscope. In Fig. 4 an optical micrograph of the fibre cross section is shown. No defects or bubbles were observed at the interfaces between different glasses in the analysed fibre section. Slight misalignment of the core/inner cladding with respect to outer cladding was observed. The fibre was of suitable strength to allow for ease of handling and preliminary test of cleaving and fusion splice with commercial silica fibres were performed using standard commercial splicing system (Fujikura FSM-30S).
Fibre losses were measured by cut-back technique using a length of 280 cm with a single mode fibre pigtailed laser diode source at 1300 nm. The laser was butt-coupled to one of the active fibre ends. The fitted attenuation coefficient was 7.1 dB/m. This value is mainly due to absorption and scattering effects.
CONCLUSIONS
Three phosphate glasses suitable for DC optical fibre fabrication were synthesized and characterized using a custom designed glass composition. The core glass, doped with 2. /cm 3 ) and the numerical aperture obtained from our glasses, an output power around 0.8 W could be obtained using 20 cm of active fibre (10/50/125 µm), thus obtaining a 40% slope efficiency with respect to the launched pump power.
As a preliminary test of fibre fabrication process feasibility, a Yb 3+ /Er 3+ co-doped DC optical fibre based on the developed glass host composition, was successfully drawn and characterized. The fabricated fibre was good of optical quality, free from air bubbles and major defect and with acceptable attenuation coefficient (7.1 dB/m).
